To cite this version: This study reports an original remarkable effect of fibrous palygorskite clay minerai in the stabilization at the ambient temperature of the metastable hexagonal j3-phase of Ag 2 CO 3 along with the stable monoclinic one (m Ag 2 CO 3 ) and the refinement of their partiel es size ( = 5-1 O nm). These structural and microstructural features likely arise owing to heterogeneous nucleation induced by the surface of palygorskite fibers between CO 3 2 -anions in solution and Ag + exchanged palygorskite (Ag + -Pal) as reactants kept maturing for short periods, which should not exceed 1 h. Besides, the phase composition of Ag 2 CO 3 supported on palygorskite, namely j3-and m-structures can be monitored by carrying on appropriate low temperature treatments under CO 2 atmo sphere coupled with aging during several months in such a way that either pure j3 or m single-phases as well as biphased mixtures with controlled composition can be obtained. Taking into account experimental results and literature data, a growth mechanism is discussed.
On the key role of the surface of palygorskite nanofibers in the stabilization of hexagonal metastable 13-Ag 2 C0 3 phase in palygorskite-based nanocomposites 
Introduction
Owing to tbe widespread natural abundance, low cost, safety, layered structure, high surface area, multi-scale porosity, specific properties of cationic exchange characterizing for instance the smectite family and to the presence of significant density of reactive silanol (Si OH) on edges of particles of fibrous clays (e.g. palygorskite, sepiolite) (Bouna et al., 2012; Rhouta et al., 2013) , clay minerais more recently have aroused great interest for designing composite materials struc tured at the nanoscale level (Alcântara et al., 2014; Bouna et al., 2011; Darder et al., 2017; Pérez-Carvajal et al., 2016) . In such hetero structures, several kinds of organic (Rahman et al., 2017; Tominaga et al., 2016) , bio-organic (Darder et al., 2017; Ilsouk et al., 2017; Roque-Ruiz et al., 2016) and inorganic (Lakbita et al., 2016; Praneetb and Paria, 2017) guest species can be assembled, according to different synthesis approaches based eitber on intercalation by ion exchange (Roy et al., 2017) or grafting to SiOH groups, with host phyllosilicates (Aït . These combinations can act in a synergistic way giving rise to multifunctional materials witb optimum structural and texturai properties which can be destined to various versatile and innovative applications as heterogeneous catalysts in petroleum cracking (Emam et al., 2008) , photocatalysts in environmental protec tion (Bouna et al., 2011; Lakbita et al., 2016; Pérez-Carvajal et al., 2016) , molecular sieves (Liu and Wang, 2017) , selective adsorbents (Boudriche et al., 2015; Msaadi et al., 2017) , thermal insulators (Darder et al., 2017; Jahani et al., 2015; Laufer et al., 2012) , electrochemical, electroanalytical and optical devices (Mudrinié et al., 2015; Tominaga et al., 2016; Kenne Dedzo et al., 2017) and inhibition systems in me tallic corrosion Aït Aghzzaf et al., 2014; Aït Aghzzaf et al., 2017) .
In tbis respect, clay minerais of the smectite group (e.g. montmor illonite, beidellite, stevensite) and fibrous ones (palygorskite, sepiolite) were most used for developing mesoporous inorganic heterostructures by supporting Si0 2 , Ti0 2 , Si0 2 -Ti0 2 , ZnO, Ag 2 C0 3 , Ag 3 P0 4 functional nanomaterials for environmental and antibacterial applications as de gradation of organic pollutants or bacteria by heterogeneous photo catalysis (Aranda et al., 2008; Bouna et al., 2011; Praneeth and Paria, 2017; Roy et al., 2017) . These studies were generally focused on phy sico-chemical characterizations of tbe composite materials, especially tbe main features of the grafted nanomaterials in relation witb their functional activities. Nevertbeless, compared to the abundance of tbese works qui te few were aimed tbe study of the effect of the clayey support https://doi.org/10. 1016/j.clay.2019.02.023 on the microstructure and crystallographic structure of the active component.
In this context, one of the studies dealing with this issue is that of TiO 2 supported on palygorskite (Pal) where it was reported that the clayey support exerted a beneficial effect by stabilizing remarkably TiO 2 in the metastable anatase form up to very high temperature (900 "C) at which the stable rutile phase is usually obtained (Bouna et al., 2011) . Besides, it was found that the supported TiO 2 anatase exhibited very fine-grained particles ( = 10 nm). This structural feature, which cannot be met with bulk TiO 2 , has made these composites exhibit a better photocatalytic activity than commercial TiO 2 powder as Oe gussa P25 (Bouna et al., 2011) .
IfTiO 2 is a well-known photocatalyst under UV radiation, Ag 2 CO 3 is very attractive for its high activity in the visible range. Many studies dealing with the thermal stability of Ag 2 CO 3 in different atmospheres and using different analytical techniques have been published. These include for instance Nagy et al. (1971) by OTA in He and CO 2 , Sawada et al. (1989a Sawada et al. ( , 1989b Sawada et al. ( , 1989c by OTA in CO 2 , Epling et al. (1998) by XPS, ISS and TPR under vacuum, Norby et al. (2002) by synchrotron XRD in CO 2 , Atwater (2002) by complex dielectric permittivity and Koga et al. (2013) by TG/OTA in N 2 , CO 2 and H 2 O vapor, OTA-MS in He, HT-XRO in N 2 and CO 2 and also by ose. They have shown that, upon heating under CO 2 atmosphere, the monoclinic phase stable at ambient temperature (P2 1 /m, a = 0.4852 nm, b = 0.9549 nm, c = 0.3254 nm, j3 = 91.97" and Z = 2; JCPOS 01-070-2184) transforms around 150 "C into the intermediate hexagonal j3-phase (P31c, a = 0.9172 nm, c = 0.6518 nm and Z = 6; JCPOS 00-031-1236), then at about 210 "C into the high temperature hexagonal a-phase (P-62 m, a = 0.9092 nm, c = 0.3325 nm and Z = 3; JCPOS 00-031-1237) (Norby et al., 2002; Sawada et al., 1989c) before to be, depending on CO 2 pressure, decomposed with CO 2 release beyond 210 "C into Ag2O and Ag. Then upon cooling from 210 "C to ambient temperature, reverse transformation of a-hexagonal into monoclinic via j3-hexagonal was evidenced (Sawada et al., 1989c) .
The motivation of this paper is to improve the fondamental un derstanding of the stabilization of the j3-Ag 2 CO 3 phase induced by the palygorskite surface, which leads to an original route to synthesize new Ag 2 CO 3 /Pal photocatalysts exhibiting a high activity under the visible light, as recently demonstrated (Lakbita et al., 2019) . In addition, the phase composition of these nanocomposites can be controlled and the activity of the metastable j3-phase was studied while its synthesis is difficult by other methods. Indeed the photocatalytic properties of this metastable phase are not known while those of the stable m-Ag 2 CO 3 phase are reported in many papers (Yang and Zhang (2012) ; Caixia et al., 2014; Xu et al., 2015; Wenjun et al., 2015) . At the beginning of this work, we expected different photocatalytic properties in the visible range for both phases since their electronic structure is different. We hoped that the activity of the metastable phase would be greater than that of the stable phase as for TiO 2 anatase (also a metastable phase), which is considered better than rutile (the most thermodynamically stable phase) as photocatalyst under UV light (Carp et al., 2004) .
Thus the present paper reports a study on the effects of fibrous palygorskite clay on the stability of the different Ag 2 CO 3 phases. Specific thermal treatments under CO 2 coupled to aging for several hours to months were studied on the phase composition CO of pure Ag 2 CO 3 and (ii) of Ag 2 CO 3 supported palygorskite composites. This investigation help for establishing correlations between the phase composition of Ag 2 CO 3 in Ag 2 CO 3 /palygorskite new composites and their photocatalytic activity in the visible range which was reported in a companion paper (Lakbita et al., 2019) . The importance of this study is reinforced by the photocatalytic properties since we found that the Ag 2 CO 3 -Pal nanocomposite in which Ag 2 CO 3 was single-phased and crystallized with the stable monoclinic structure was more active than the one crystallizing entirely with the metastable j3-Ag 2 CO 3 structure. Nevertheless, composite materials containing a mixture of both Ag 2 CO 3 phases with a relative content of 32% of j3-and 68% of m-phase was found to be the most efficient photocatalyst of the series. This behavior likely reveals a synergetic effect between both phases in the photo catalytic degradation of Orange G dye under visible light as found for the anatase/rutile TiO 2 couple. This denotes the great interest of de veloping supported photocatalysts based on clay minerals, which be sides present the advantage to flocculate readily making their re covering from treated wastewater easier, without requiring expensive microfiltration.
Experimental

Starting materials
The palygorskite used in this study was isolated from natural clay picked up from Marrakech High Atlas region, Morocco, and exchanged with Na + (labeled Na + -Pal) according to respective purification and homoionization procedures described in details elsewhere (Bouna et al., 2011; Rhouta et al., 2013; Aït Aghzzaf et al., 2014) . Briefly, an aqueous dispersion of a given mass of raw clay was reacted with hydrochloric solution (1 M) at pH = 4 to remove carbonate impurities. The disper sion was centrifuged, and the solid was washed several times till the supernatant pH almost reached 7. The solid was thereafter treated under stirring during 24 h by NaCl solution (2 M). This operation was repeated twice to assure complete exchange of the charge compensating cations by Na + . The treated clay was recovered by repetitive washing with distilled water until chloride-free sample was obtained as con firmed by AgNO 3 test. The fine fraction (particle size < 2 µm) was se parated from the 5 wt% dispersion, according to Stokes' law (Holtzapffel, 1985) . This operation was repeated several times till the dispersion was almost transparent. The homoionic sodium palygorskite was recovered by centrifugation at 4000 rpm (Le. 1073 x g) for 20 min and dried at 353 K.
Previous characterizations performed by Rhouta et al. (2013) showed that this palygorskite is predominantly dioctahedral, deficient in zeolitic water and associated with 5 wt% of sepiolite. The composition of this palygorskite was found on the basis of 26 oxygen atoms to be (Si7_97Alo.o 3 )(Mg 2 .17Al1.46Feo.40Tio.os)(Cao.o3Nao.o7Ko,03) O 2 0.1s(OH) 1 .g4(H 2 Ohss, 2.43 H 2 O. Its CEC (Cation Exchange Capa city), BET specific surface area and total porous volume were assessed to be 21.2 meq·100 g-1 , 116 m 2 ·g-1 (in which external surface is around 88 m 2 .g-1 ) and 0.458 cm 3 ·g-1 respectively (Rhouta et al., 2013) .
The other starting compounds AgNO 3 and Na 2 CO 3 were purchased from Aldrich and used as received without further purification.
Preparation of Pal-A&CO 3 nanocomposites
Severa! Pal-Ag 2 CO 3 composites differing in Ag2CO 3 content were readily synthesized by a simple wet route. For preparing composites containing X wt% of Ag 2 CO 3 (X = 10, 20, 42, 57, 67 and 80 wt%) (labeled Pal-X%Ag 2 CO 3 ; where X wt% is the initial experimental value), 0.5 g of Na + -Pal (a constant amount of palygorskite for ail syntheses) Table 1 . The mixture was kept under stirring at ambient temperature and in the dark for either 1 h (protocol 1) or 24 h (protocol 2) of digestion period in the same way than the procedure reported by Nagy et al., 1971 . Indeed these authors demonstrated different re activity of Ag 2 C0 3 according to the digestion duration. Accordingly, the derivative compounds were designated as Pal-X%Ag 2 C0 3 -1 h and Pal-X %Ag 2 C0 3 -24 h respectively. A yellow precipitate, obtained in both conditions of digestion, was recovered by centrifuging at 5000 rpm (i.e. 1677 xg) for 15 min, washed several times with deionized water and thereafter centrifuged twice by using deionized water and once by using ethanol to remove reaction by-products. Finally, the powdered material obtained was dried in an oven at 60
°C for 48 h and stored in the dark for further uses.
Pure Ag 2 C0 3 was also synthesized according to the protocol 1 using the same conditions as above but without palygorskite clay minerai.
3. Characterizations
X-ray diffraction (XRD) patterns were recorded at room temperature and ambient atmosphere on pure Ag 2 C0 3 and Pal-Ag 2 C0 3 composite samples in the 20 range 3-80° with a recording step of 0.02° at a rate of 2 s/step using a Bruker D8-2 diffractometer equipped with a graphite monochromator (Bragg-Brentano configuration; Cu K a radiation).
The monoclinic-hexagonal phase transformation of Ag 2 C0 3 was investigated in situ by XRD as a function of the temperature under C0 2 atmosphere. Different samples prepared with and without palygorskite as support material were analyzed in the 20 range 15-40° using a Bruker D8 Advance diffractometer equipped with a LynxsEye ® detector and a MRI radiation heating chamber (Bragg-Brentano configuration; Ni filtered Cu Ka radiation). The XRD chamber was purged with C0 2 prior the experiment to remove air traces. The measurements were made under a low C0 2 flow rate (50 sccm) to maintain an overpressure slightly higher than one atmosphere. For pure Ag 2 C0 3 , the diffracto grams were recorded every 25
°C from 50 to 235
°C . An isotherm was maintained at each level for 10 min to record the XRD pattern and then the temperature was increased to the next step using a ramp of 1 deg.-s-1 (Fig. la) .
In order to investigate if it was possible to control the proportion of each Ag 2 C0 3 phases in a composite sample by appropriate heat treat ments under C0 2 atmosphere, as well as to study aging of Ag 2 C0 3 component, a series of XRD patterns were recorded at room tempera ture after specific thermal cycles under C0 2 atmosphere. Typically, a composite sample Pal-57%Ag 2 C0 3 underwent two heating cycles at 210 °C with an isothermal step at this temperature for 1 h in the first cycle and 5 h in the second one, then a cooling to 50 °C after each heating. The sample was maintained at 50
°C for 12 h before the second heating cycle. Finally, a last XRD pattern was recorded 60 h later after storage under C0 2 atmosphere in the dark at 50
°C . This treatment is schematically shown in Fig. 1 b. In an attempt to form pure hexagonal 13-phase, the Pal-57%Ag 2 C0 3 sample was stored in the dark at the am bient and XRD pattern was recorded after 6 and 7 months of aging. The sample was thereafter, heated and maintained under C0 2 atmosphere for 1 h at 200 °C before performing again XRD analysis. At the end, the sample was cooled down to 50 °C and a last XRD pattern was recorded. This treatment is illustrated by Fig. le for 6 months of aging.
A Jeol JSM 6400 scanning electron microscope (SEM) equipped with an Oxford energy dispersive spectrometer, EDS (Si-Li detector; MK program) and a JEOL JEM 2100F transmission electron microscopy (TEM) equipped with a Bruker AXS Quantax EDS analyzer were used Fig. 1 . a) Heating under C0 2 atmosphere (P"" 1 atm) of pure Ag 2 C0 3 from 50 to 235 °C at a ramp of 1 °/s with isothermal plateau for 10 min every 25 °C (except from 225 to 235 °C) followed by a rapid cooling to the ambient; b) Thermal cycles performed under C0 2 atmosphere on Pal-57%Ag 2 C0 3 -1 h sample; c) Heat treatment under C0 2 of Pal-57%Ag 2 C0 3 at 200 °C after being aged for 6 months. Dots (e) and T; (1 :5 i :5 8) indicate temperatures at which in siru XRD patterns were recorded.
for characterizing clay particles and performing local elemental ana lysis. The mass proportion of each phase in the composite material, i.e.13-and m-Ag 2 C0 3 and Palygorskite was assessed by XRD from the in tensities of representative diffraction peaks of each component. The reflection intensity of (110), (020) and (110) were used respectively for 13-and m-Ag 2 C0 3 and palygorskite. Practically, the crystallographic structures of the carbonates were modeled by using Carine Crystallography software (Carine software, 1998). Then their XRD diagram was simulated in the interval 6° < 20 < 25°, where there is no annoying overlap, and the comparison with the experimental dia grams allowed to verify that each phase was not textured. Also, XRD patterns of m + 13 mixtures were simulated by varying the proportion of m-and /3-phase in a series of Pal-Ag 2 C0 3 composites where the Pal content was set at 0.5 g. The calibration curve given in Fig. Sl (in supplementary information SI-1) was obtained and used to correlate the XRD intensity ratio (m + j3)Ag 2 C0 3 /Pal and the corresponding (m + j3)Ag 2 C031Pal mass ratio used in their synthesis. A linear corre lation was obtained for Ag 2 C0 3 /Pal mass ratios lower than 4. After deconvolution of the experimental XRD patterns, the simulated dia grams were fitted by varying the theoretical proportion of each car bonate until a good agreement estimated better than 5%. Examples are given in the supplementary information SI-1.
Results
Structural characterizations
3.1.1. Composit ion of Pal-A&2CO 3 composite Fig. 2 reports XRD patterns of the starting homoionic compound Na + -Pal, two composites synthesized according to protocol 1 (Pal57%Ag 2 C0 3 -1 h) and protocol 2 (Pal-57%Ag 2 C0 3 -24 h) and pure Ag 2 C0 3 . The sample Na + -Pal exhibits a series of characteristic peaks of palygorskite as reported by Rhouta et al. (2013) . The characteristic basal reflection (110) of palygorskite is observed at an interplanar distance around 10.56Â (20"" 8.36') in good agreement with the JCPDS file 00-021-0958. The absence of carbonates reflections is worth noting and confirms their complete removal in purified Na + -Pal while traces of quartz still remain, as evidenced by the detection of the (101) peak at distance around 3.34 Â (20"" 26.63') (ICDD file N' 03-065-0466) (Rhouta et al., 2013) . Almost ail the peaks corresponding to paly gorskite are also identified in both Pal-57%Ag 2 C0 3 samples. This in dicates that the fibrous structure of palygorskite remains unaltered in Pal-Ag 2 C0 3 composites under the synthesis conditions described above. As expected, pure Ag 2 C0 3 sample appears crystallized in the form of the stable monoclinic m-phase as confirmed by the presence of several corresponding intense reflections at the interplanar distances 4.85 Â (20"" 18.32'), 4.78Â (20"" 18.54'), 4.32Â (20"" 20.50'), 2.74Â (20"" 32.60'), 2.66 Â (20"" 33.70'), 2.42 Â (20"" 37.07°) and 2.27 Â (20"" 39.60') (ICDD file N' 00-026-0339). These peaks are also identi fied in both Pal-57%Ag 2 C0 3 composites denoting the crystallization of m-Ag 2 C0 3 in these derivative clayey materials.
Nevertheless, the most striking feature in Pal-57%Ag 2 C0 3 compo site synthesized according to the protocol 1 is the detection of supple mentary reflections at distances around 4.59 Â (20"" 19.41 ") and 2.65 Â (20"" 33.67°) which are unambiguously ascribed to the metastable hexagonal j3-Ag 2 C0 3 structure (ICDD file N'00-031-1236). These peaks are not observed in Pal-57%Ag 2 C0 3 -24 h composite elaborated XRD patterns recorded at room temperature of starting Na + homo ionized palygorskite (Na + -Pal), Pal-57%Ag 2 CO 3 -1 h (protocol 1) and Pal57%Ag 2 CO 3 -24 h (protocol 2) nanocomposites, and pure Ag 2 CO 3 .
according to protocol 2 denoting that the formation of this metastable phase might not occur in this sample or its amount was lower than the detection threshold of XRD. For instance, traces of Ag 2 C0 3 loaded up to 4 wt% in Ag 2 COy'Ti0 2 composites were not detected by XRD despite the good crystallinity probably because of the low content and high dispersion (Changlin et al., 2014) . On the whole, these results inter estingly reveal the coexistence within the composite that underwent a digestion for 1 h (Pal-57%Ag 2 C0 3 -1 h) of the two forms of Ag 2 C0 3 in addition to palygorskite: the stable monoclinic (m) and metastable hexagonal /3-phases. This contrasts with pure Ag 2 C0 3 and Pal57%Ag 2 C0 3 -24 h composite obtained upon 24 h of digestion which both exhibit the monophasic m-Ag 2 C0 3 structure. These results raise some issues as: is the stabilization of metastable /3-hexagonal phase in Pal-57%Ag 2 C0 3 -l h composite promoted by the presence of paly gorskite? Does the synthesis protocol play a role in favoring this sta bilization? In order to answer these questions, the relative content of each Ag 2 C0 3 phases in Pal-57%Ag 2 C0 3 -1 h has been analyzed by XRD. Likewise, experiments were undertaken to check the effects of Ag 2 C0 3 amount and the digestion duration on the stabilization of the /3-phase.
Assessment of m-and JJ-A&2CO 3 content
The relative mass content of each Ag 2 C0 3 phase (m and /3) in Pal Ag 2 C0 3 composites, whose the total content of Ag 2 C0 3 (X) ranged from 10 to 80 wt%, and which were synthesized according to protocol l (Pal X%Ag 2 C0 3 -l h), was assessed from the corresponding most intense XRD reflections for 20 < 25' and for which no significant overlap exist, le.
(110) for palygorskite, and (020) and (110) for m-and j3-Ag 2 C0 3 phases, respectively. The Fig. Sld, supplied as supplementary in formation (SI-1), shows a good linear variation between XRD intensity ratio (m + j3)Ag 2 C0 3 /Pal and the mass ratio Ag 2 C0 3 /Pal used as starting materials in the synthesis protocol. In ail samples of this series, a constant mass of clay set at 0.5 g was used. As a result, this propor tional variation has been used as experimental calibration curve to determine the relative content of j3-Ag 2 C0 3 after deconvolution of ex perimental patterns. Fig. 3 shows that the lower total amount of Ag 2 C0 3 in Pal-Ag 2 C0 3 composite material, the higher fraction of j3-Ag 2 C0 3 . Beyond a total content of Ag 2 C0 3 in the composite of ca. 80 wt%, Ag 2 C0 3 crystallizes almost completely with the stable monoclinic structure. Thus, the re lative proportion of j3-Ag 2 C0 3 in the total amount of Ag 2 C0 3 formed in the composite tends to increase by decreasing the total Ag 2 C0 3 weight Relative content of hexagonal j3-Ag 2 CO 3 in the total amount of Ag 2 CO 3 loaded into the composite given by the mass ratio j3/(m + j3) as a fonction of the total mass fraction of Ag 2 CO 3 in the composite. The mass of clay was constant at 0.5 g. The solid red curve is a guide for the eyes of the experimental data. The dashed blue lines correspond to the purely heterogeneous mode! discussed in the text, which separates the j3-growth domain from that of the monoclinic phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) content, i.e. when the relative proportion of palygorskite is more and more dominant in the composite since its content was fixed to 0.5 g. For the lowest Ag 2 C0 3 weight contents, the proportion of metastable 13-phase tends towards a threshold close to 60%. Consequently, without any treatment, a large proportion of 13-phase was able to be stabilized in the composites, which means that this phase is probably stabilized by the surface of palygorskite. Roughly, for composite materials containing a total amount of Ag 2 C0 3 lower than ca. 80 wt%, the relative fraction of 13-phase can be controlled by the total amount of Ag 2 C0 3 initially present into as-prepared composite samples. Between ca. 50 wt% and 80 wt% of Ag 2 C0 3 there is a sharp transition zone. The accurateness and the reproducibility of these assessments is evidenced through their repeatability checked for instance for Pal-10%Ag 2 C0 3 and Pal57%Ag 2 C0 3 samples.
3.1.3. Influence of temperature on A&C0 3 structure 3.1.3.1. Pure Ag 2 C0 3 • With the attempt to maximize the proportion of metastable hexagonal 13-Ag 2 C0 3 phase in pure Ag 2 C0 3 , in situ XRD analyses were achieved as a fonction of the temperature under C0 2 atmosphere (P"" 1 atm) according to the conditions schematically described in Fig. la . The patterns were recorded every 25 °C in the temperature range 50-235
°C and an XRD pattern was also recorded after returning to room temperature (Fig. 4) .
In good agreement with the literature (Norby et al., 2002; Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) , it was found that as-prepared pure Ag 2 C0 3 exhibits 100% of the monoclinic phase which remains stable till 175
°C as confirmed by the detection of several peaks throughout ail the 20 range explored. At 200 °C , the presence of a shoulder can be noted in the recorded pattern at 20"" 33.67° which could be ascribed to the metastable hexagonal 13-structure originating from the transforma tion of monoclinic phase. This shoulder was observed along with sev eral other intense peaks at 20 equals to 19.51, 30.00, 33.34 and 34.17° corresponding to the high temperature hexagonal a-phase. The pre sence of 13-Ag 2 C0 3 at 175 °C mixed with m-Ag 2 C0 3 , confirmed there after at 200
°C mixed with a-Ag 2 C0 3 denotes that the m-+ 13 phase transition occurs upon heating at an intermediate temperature likely around 180
°C , in good agreement with several authors (Norby et al., 2002; Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) . The 13-phase was no longer stable at higher temperature since it is readily transformed at 200 °C into the high temperature hexagonal a-structure. It is worth noting that upon heating, the reflection ( -101) at 20"" 32.50° of the monoclinic phase is shifted towards small angles before vanishing upon its transformation into the 13 phase. As reported by Masse et al., 1979 , this shift could be due to the anisotropie thermal vibration of sil ver and oxygen atoms within m-Ag 2 C0 3 structure. Thereafter, new reflections at 19.54, 32.78 and 37.98° ascribed to Ag 2 0 (JCPDS 01-072-2108) were observed in the patterns recorded at 225 °C and above. This originates from the decomposition of a-Ag 2 C0 3 into the oxide which according to literature, occurs at about 210 °C . Such thermal decomposition has been previously observed either under C0 2 atmosphere at 210 °C (Sawada et al., 1989c) or in air at slightly lower temperature (Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) . Upon cooling to ambient temperature, XRD pattern revealed only the presence of m-Ag 2 C0 3 along with an small amount of Ag 2 0 already formed upon partial decomposition of the carbonate, which confirms the complete reversibility of the transi tion hexagonal-a <cc> hexagonal-13 and 13 <cc> monoclinic-m structure (Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) .
3.1.3.2. Pal-57%A1r2C0 3 composite. As stated above in the section 3.1.1, the composition of Pal-Ag 2 C0 3 composite prepared according to protocol 1 has revealed in addition to palygorskite the presence of both m-and 13-Ag 2 C0 3 in as-prepared materials (Tl in Table 2 ). Then in situ XRD analyses of Pal-57%Ag 2 C0 3 -1 h composite were performed under C0 2 atmosphere at 210 °C (T2), at room temperature after 12 h aging under C0 2 (T3), then at 210
°C for 5 h (T4), and finally after aging in the dark for 60 h (T5), according to the treatment conditions schematically described in Fig. lb and summarized in Table 2 . The choice of 210 °C cornes from the confirmation by above results it is a critical temperature beyond which the carbonate is decomposed. (20,.,18.27, 18.55 and 20.54° respectively) characteristic of m-Ag 2 C0 3 were observed in as-prepared nanocomposite. Both phases coexist in addition to palygorskite, in propositions around 18 wt% for 13, 39 wt% for m and 43 wt% for Pal (Table 2) . Interestingly, ail XRD patterns recorded at room temperature showed that the metastable 13-Ag 2 C0 3 phase is always present by contrast with pure Ag 2 C0 3 (Fig. 4) . Furthermore the increasing intensity of its XRD peaks by going from the treatment Tl to T4 gives evidence for an increase of its proportion in the composite. Likewise in contrast to pure Ag 2 C0 3 , the metastable 13-Ag 2 C0 3 phase grown in presence of palygorskite did not transform into a-Ag 2 C0 3 structure upon heating at 210
°C . This result demonstrates the remarkable effect of palygorskite in stabilizing the metastable hexagonal 13-Ag 2 C0 3 phase. A similar effect of stabilization of a metastable phase induced by the surface of paly gorskite was recently demonstrated for Ti0 2 nanoparticles since the anatase structure was maintained up to 900
°C at the expense of the rutile on the palygorskite fibers (Bourra et al., 2011) .
The proportion of 13-Ag 2 C0 3 in the total amount of Ag 2 C0 3 formed into the composite is given by the mass ratio 13/(m + 13). It was assessed from (110), (020) and (110) XRD reflection intensities of 13-, m-and palygorskite, respectively. The data were taken from Fig. 5 and the results were reported in Table 2 . This clearly confirms that the mass fraction of 13-Ag 2 C0 3 increases after each thermal cycle since starting from 32 wt% it increases to 70 wt% after only two thermal cycles. However after aging in dark for a few days (60 h), the 13 proportion slightly decreases but stabilizes close to 50% which is larger than the value for as-prepared sample.
Interestingly such a thermal treatment could be an original route to produce 100% of hexagonal 13-Ag 2 C0 3 supported on palygorskite, which has been investigated hereafter. Relative content of hexagonal f3-Ag 2 CO 3 in the total amount of Ag 2 CO 3 formed into the composite Pal-57%Ag 2 CO 3 -1 h given by the mass ratio {3/(m + {3) after the thermal treatment reported in Fig. 1 b. The relative contents of each component were assessed from XRD intensities of reflections (110), (020) and (110) Fi g . 5. In situ XRD patterns of Pal-57%Ag 2 CO 3 -1 h nanocomposite recorded at room temperature under CO 2 atmosphere (P"' 1 atm) immediately after two thermal cycles at 210 'C. The patterns were recorded at temperatures T, (with 1 :5 i :5 5) according to the conditions reported in Fig. 1 b. 
4. Influence of aging on AgzCO 3 structure
A major result at this stage is the stabilization of j3-Ag 2 CO 3 probably thanks to the presence of palygorskite leading to as-prepared composite material containing a mixture (m + j3)Ag 2 CO 3 . Enrichment of the me tastable j3-phase was achieved by heat treatments at 210 °C under CO 2 atmosphere to cause the phase transformation m -j3.
Other experiments were performed in order (i) to check the re producibility of above results, (ii) to study the effect of aging on the structural transformation of Ag 2 CO 3 and (iii) to determine if it was possible to get 100% of the hexagonal j3-structure.
Experiments leading to the results presented in Fig. 5 were repeated using a composite Pal-57%Ag 2 CO 3 sample prepared according to pro tocol 1, in which the initial j3-Ag 2 CO 3 content was 32% (Table 2) . A new series of in situ XRD patterns were recorded for two as-prepared samples of the same composition but after 6 and 7 months of aging in the dark and in air. Moreover, As beforehand shown in Fig. 4 , because Ag 2 CO 3 begins to decompose at T > 210 °C to form Ag 2 O as by-pro duct (Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) , the temperature treatment was substantially reduced from 210 °C to 200 °C to deviate more from the critical decomposition temperature of this carbonate. The experimental procedure is schematically described in Fig. le and the results are shown in Fig. 6 for the sample after 6 months of aging. After the aging period, XRD diagrams were first recorded at the ambient (T6 in Fig. 6 ), then the samples underwent a rapid temperature increase to 200 °C (1 °/s) under CO 2 (P"' 1 atm), and were maintained for 1 h at this temperature where an XRD pattern was recorded (T7). Finally, they were rapidly cooled to room temperature and a last XRD pattern was recorded (TB) .
XRD patterns of Pal-57%Ag 2 CO 3 -l h composites after aging for 6 and 7 months are very similar to the one as-prepared (data after 7 months aging are supplied as Fig. S2 in the supplementary informa tion SI-2). In addition to palygorskite, they exhibit a mixture of m-and j3-Ag 2 CO 3 with a proportion of j3-phase of 29% and 30% respectively, which is in the experimental error of the 32% found for as-prepared samples before aging (Table 2) . Keeping in mind the results found for a fresh composite sample which underwent an almost identical thermal treatment (Fig. 5) , the striking result for both aged samples over a long period is that after thermal treatment 100% of Ag 2 CO 3 exhibit the hexagonal j3-structure, i.e. all monoclinic m-phase has been transformed irreversibly (Fig. 6 ). More precisely, at 200 °C, both m-and j3-Ag 2 CO 3 phases are completely transformed into another structure already mentioned in the literature as high temperature hexagonal a-phase (Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) . Then, returning to room temperature, the a-phase is completely transformed into j3-Ag 2 CO 3 . No evidence for the stable monoclinic phase was found for both aged composites upon cooling at the ambient. As a result, by combining a long aging of a few months and this thermal treatment, a synergetic effect produces 100% of hexagonal j3-Ag 2 CO 3 phase in pre sence of palygorskite fibers.
In order to check if this structural transformation is induced by the surface of palygorskite or if it could be induced by any surfaces, the same thermal treatment was applied to Ag 2 CO 3 supported on Celite. This support is a diatomaceous derivative consisting essentially of porous silica. The sample used was a Celite-Ag 2 CO 3 composite material supplied by Aldrich with a silver carbonate content of approximately 50 wt%, i.e. very close to the composites based on palygorskite in vestigated here. Since it was a commercial compound, it was supposed to be aged (i.e. not freshly prepared) and, as all silver salts, it was supplied and stored in a dark glass bottle, i.e. in conditions that are not so different. The same thermal treatment described in Fig. le was ap plied to a Celite-Ag 2 CO 3 composite sample and the result is reported in Fig. 7 .
In as-received Celite-Ag 2 CO 3 composite sample, Ag 2 CO 3 was found 100% monoclinic (T6 in Fig. 7) . No evidence for the metastable hex agonal phases was found by contrast with Pal-Ag 2 CO 3 composite. At 200 °C no significant change occurs in the XRD pattern (T7) except a slight increase of the Celite peak at about 21.8° which likely results from a better crystallinity induced by annealing. A small shift of this peak towards low angles was also observed due to the thermal expan sion of the structure. After returning to 50 °C, XRD pattern (T8) is the same than the previous ones. No phase transformation of silver carbo nate was observed, which indicate this silica-related support is inert. This confirms that the surface of palygorskite plays a major role in the stabilization of the metastable j3-Ag 2 CO 3 phase.
Microstructural characterizations
Palygorskite is a clay material made up of fibers of several micro meters long and tens of nanometers wide as shown by the Fig. 8a . At low magnification, SEM analysis of Pal-57%Ag 2 CO 3 -1 h composite shows that Ag 2 CO 3 particles are fixed on and retained into the tangle of palygorskite fibers (Fig. 8b) . The Ag 2 CO 3 particles exhibit relatively large size distribution from a few tens of nm to almost 1 µm. By con trats, those grown in the same conditions in bare Ag 2 CO 3 , i.e. without palygorskite, exhibit micrometric size (Fig. 8c) . Considering the nano metric width of palygorskite fibers on one hand, and the relatively large size dispersion of Ag 2 CO 3 particles starting at the nanometric scale, the sample Pal-57%Ag 2 CO 3 -1 h representative of the series can be con sidered as a nanocomposite material.
TEM analyses were performed to complete the above SEM results and try to directly observe the different phases. Fig. 9a shows a rni crograph of as-prepared Pal-57%Ag 2 CO 3 -1 h nanocomposite. Mainly due to the handling of the sample, which modified the phase dispersion Palygorskite in the powdered composite, it exhibits heterogeneous zones with un coated, partially coated and continuously coated palygorskite fibers. Also, Ag 2 CO 3 is found on one hand as agglomerated nanoparticles (NPs) forming micrometric porous particles trapped into the fibers entangle ment, and on the other hand, as individual NPs attached and likely directly grown on the surface of palygorskite fibers (Fig. 9b) . NPs fixed on fibers are sparse and rnonodisperse with an average size of ap proximately 10 ± 2 nm. In the zone of Fig. 2b , Palygorskite fibers are only partially covered by Ag 2 CO 3 NPs leading to a low coverage and a low surface density. In this case, no merge or coalescence of NPs is observed; NPs do not touch each other and do not form aggregates or continuous coating (Fig. 9b) . In addition to the handling of the sample, which is a factor accentuating the heterogeneity of a sample, another reason explaining why some fiber surfaces were not uniformly coated would be because they were not accessible for the growth of Ag 2 CO 3 during the synthesis.
Selected area electron diffractions of both agglomerated Ag 2 CO 3 NPs and sparse Ag 2 CO 3 NPs grown on palygorskite have revealed at least three rings at interplanar distances of about 4.68, 2.69 and 2.26 Â which are unambiguously indexed to (020), ( -130) or ( -101) and (031) reflections respectively of m-Ag 2 CO 3 (Fig. 9c) . No evidence for the hexagonal j3-phase was found by TEM diffraction even for in dividual NP attached on the palygorskite surface.
Interestingly, in parts of the sample, some palygorskite fibers are completely and uniformly coated by Ag 2 CO 3 NPs. With an average size of ca. 20 nm the NPs form a continuous and compact monolayer with a good conformai coverage of the fibers whose mean diameter was ca. 80 nm, as shown in Fig. 9d . In this area, there is no evidence for the growth of a 2nd and a 3rd monolayer of Ag 2 CO 3 NPs on the top of the 1st one. The Table inserted in Fig. 9 gives the EDS analysis of the conformai coating shown in Fig. 9d . The experimental Ag/C atomic ratio (1.94) is in very good agreement with the theoretical value for Ag 2 CO 3 (2.0). Also, the other atomic ratios, which are representative of the palygorskite are very coherent with the values expected for this clay minerai, as reported in section 2.1. This confirms the presence of a Pal fiber inside the conformai coating that forms a sheath and reveals that the compact monolayer of Ag 2 CO 3 NPs has grown directly on the sur face of Pal fiber in this zone of the sample.
In other areas of samples analyzed by TEM, submicron and even micron aggregates are entangled in bare fibers, as shown in Fig. 10 . The Table inserted in this Fig. 10 gives point EDS analyses compared to the values expected for Ag 2 CO 3 and palygorskite. With an atomic ratio Ag/ C of 1.7, the analysis of an aggregate (position #2) confirms it is composed of Ag 2 CO 3 NPs (theoretical value 2.0). Also, the other atomic ratios analyzed at this location #2 reveal the presence of palygorskite fibers within this aggregate. It is therefore possible that at this location, several monolayers of NPs have grown on a first monolayer of Ag 2 CO 3 NPs and are stacked up to form this 3D particle. This growth mode contrasts with the continuous conformai coverage of a monolayer shown in Fig. 9d . The bare fiber EDS analysis (position #1) is in good agreement with the expected values (except for an excess of Mg at this location). However it is remarkable that traces of Ag are found (0.4 at. %). The origin of silver could be an ion exchange as discussed later.
Discussion
Influence of palygorskite on phase formation of A&CO 3
In good agreement with the literature (Norby et al., 2002; Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) , pure Ag 2 C0 3 was found to crystal lize at the ambient in the form of stable monoclinic structure (Figs. 2 and 4) with micrometric crystal sizes (Fig. 7c) . Upon heating, mono clinic XRD peaks, especially ( -101), progressively shift towards small angles before vanishing and giving rise to the intermediate hexagonal j3-structure at around 180 °C as reported by the literature (Norby et al., 2002; Sawada et al., 1989a; Sawada et al., 1989b; Sawada et al., 1989c; Sawada and Manabe, 1991) (Fig. 4) . Increasing further the temperature, the j3-phase is transformed into hexagonal a phase which in tum undergoes a partial decomposition into Ag 2 0 starting around 210 °C. Before thermal decomposition the phase transformations of Ag 2 C0 3 were reversible. 
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Such a behavior was not observed in presence of palygorskite. Indeed, it is worth noting that j3-Ag 2 C0 3 was retained at the ambient along with the stable monoclinic phase in Pal-X%Ag 2 C0 3 composites, when they were synthesized according to protocol 1, i.e. when the re agents Pal, AgN0 3 and Na 2 C0 3 underwent a digestion for 1 h. In this respect, Ag 2 C0 3 particles appear nanometric in size, many of them are agglomerated and trapped in the tangle of palygorskite fibers (Fig. 8b) , others are immobilized and scattered on the fiber surfaces of clay mi nerai (Fig. 9) . These salient results give evidence for the key role of palygorskite in the refinement of Ag 2 C0 3 particles and in the stabili zation of the metastable hexagonal j3-phase.
Influence of palygorskite on nucleation mechanism of A&CO 3
The differences in average particle size and in crystallographic structure of Ag 2 C0 3 when it is synthesized without or with palygorskite as support material could be due to different nucleation mechanisms since heterogenous nucleation can play a key role in presence of paly gorskite nanofibers.
In the synthesis of pure Ag 2 C0 3 , i.e. without palygorskite, the nu cleation and growth occur obviously in homogeneous aqueous solu tions. As a result, Ag 2 C0 3 crystallites can grow to form small crystals with regular shape and size. Their growth is not limited by the nu cleation rate. The size distribution is relatively narrow and they reach a Point EDS analyses ...... micrometric average size. These particles are well faceted and exhibit polyhedral shape and short rod-like morphologies (Fig. Sc) . This is in aggreement with previous works (Xu et al., 2015) . Under this synthesis condition, the density of nucleation sites is low and the critical radius required for nuclei stabilization is relatively large since there are no spatial constraints. Consequently, the growth of the stable monoclinic phase occurs readily without evidence for other structures as demon strated by XRD (Fig. 2) . The reaction mechanism based on such homogeneous nucleation would correspond to Reaction (1): (1) In the synthesis of Pal-Ag 2 CO 3 composites, the growth of Ag 2 CO 3 may also occur according to Reaction 1, i.e. via homogeneous nuclea tion. However the palygorskite fibers can have two important effects. First, they can act as inert solid that, under vigorous stirring conditions of the aqueous dispersion, will increase homogeneous nucleation rate. This will induce a higher nucleation density and consequently a higher number of Ag 2 CO 3 crystallites with a reduced average size. Also, flux heterogeneities induced by agitation can generate concentration gra dients in the solution (vortices ... ) that will result in the agglomeration of particles. This growth mode may lead to a large size distribution and to particles agglomerated and trapped in the tangle of palygorskite fi. bers as observed in Fig. 9a and Fig. 1 O. These particles will not be strongly attached to the surface of palygorskite since no interfacial re action is involved in the growth mechanism. As second route, paly gorskite may also act as support material that will induce hetero geneous nucleation. Here it is necessary to remember that the palygorskite used was beforehand exchanged with Na + ions according to homoionization procedure previously reported (Rhouta et al., 2013) . This so formed Na + -Pal was carbonate-free as evidenced by XRD (Fig. 2) and was first sonically dispersed in AgNO 3 aqueous solution for 15 min and stirred for 60 min before introducing Na 2 CO 3 into the dis persion. During this period where there is no carbonate in the solution, AgNO 3 may start to react by ion exchange with Na + ions of paly gorskite on the surface of the fibers to form Ag + exchanged paly gorskite (Ag + -Pal) according to the Reaction (2). This will greatly fa cilitate further heterogeneous nucleation on adsorbed Ag + ions and the growth of Ag 2 CO 3 directly onto the functionalized surface of paly gorskite with a relatively strong interface. This heterogeneous growth mode can be represented by bath the Reactions (2) and (3) and it is also schematized in Fig. 11 .
As a result, the Ag 2 CO 3 particles formed by this heterogeneous growth mode must be strongly attached to the palygorskite fibers and their average size should be very small due to high nucleation density induced by surface defects or steric effects (Fig. 9) .
The stability of Ag + -Pal in presence of Na 2 CO 3 could to be en hanced by short digestion durations (,; 1 h; protocol 1) to allow the growth of Ag 2 CO 3 onto palygorskite fibers (Reaction 3). For higher digestion times, e.g. 24 h (protocol 2), the same mechanism must occur in the early stages, but a kinetically competing mechanism may occur for longer digestion time. Thus as far as the digestion period increased, a given proportion of supported j3-Ag 2 CO 3 could be dissolved releasing Ag + ions in the aqueous solution according to Reaction (4):
This dissolution hypothesis is supported by the following data. The CEC of palygorskite involved herein is low, about 21.2 meq/100 g (Rhouta et al., 2013) . Thus, no > 0.11 mmol of Ag + can be adsorbed on 0.5 g of palygorskite yielding therefore 0.11 mmol of supported j3-Ag 2 CO 3 , i.e. 30 mg of j3-Ag 2 CO 3 . Although poorly soluble in water (Seidell and Linke, 1919) , the solubility of Ag 2 CO 3 at 20 °C is 32 mg/L, and by taking into account the volume of aqueous solution involved in this study (60 mL total corresponding to a mixture of 20 mL for AgNO 3 and 40 mL for Na 2 CO 3 ), at least 1. 92 mg of j3-Ag 2 CO 3 or in other words ca. 7% of the j3-Ag 2 CO 3 formed in the early stage could be dissolved during long incubation times. This is not negligible. Furthermore such a dissolution could be further favored on one hand by kinetic con siderations due to long digestion time and on the other hand by structural and microstructural characteristics of solid particles (Gout et al., 1974) . Thus, this dissolution could be favored bath by the hex agonal structure of the metastable j3-phase and the nanometric average size of these supported j3-particles. Hence, the dissolution of certain proportion of j3-Ag 2 CO 3 would result in the reverse exchange Reaction (4) restauring Na + -Pal and yielding the formation of Ag 2 CO 3 by -AgNO,
Na
+ -Pal
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• Layer negative charge E.€) Na + Charge compensating ion OE) Ag .. ion • Hexagonal-P NPs e Monoclinic particle homogeneous reaction between Ag + ions released from palygorskite surface and carbonates in solution. As a result, in the chemical me chanism of composite synthesis involving long duration times, Ag 2 CO 3 is likely formed mainly according to homogeneous Reaction (1), which leads as in the case of pure Ag 2 CO 3 to a structure 100% m-Ag 2 CO 3 , as supported by Fig. 2 .
The fact that Ag 2 CO 3 crystallizes with two different structures (m and j3) in the composite material synthesized with a short digestion period supports the idea that they could originate from the two me chanisms above mentionned. This suggests that each mechanism leads to one phase and both are possible at once. The stable phase m-Ag 2 CO 3 would be grown mainly by homogeneous nucleation (Reaction 1), while there is strong evidence that the metastable j3-Ag 2 CO 3 phase would result from heterogeneous growth mode (Reactions 2 and 3) . It has been previously demonstrated that heterogeneous nucleation on palygorskite surface promoted the growth of the metastable phase TiO 2 anatase at the expense of rutile (Bouna et al., 2011) . We also think it is a good hypothesis to propose that j3-Ag 2 CO 3 NPs are formed, stabilized and strongly attached to palygorskite nanofibers, and that they grow to form a compact and conformai coating as in Fig. 9d .
Besides, one can admit that the two routes leading to Ag 2 CO 3 for mation, i.e. on Pal fiber surfaces and in aqueous solution, are two conditions where local concentrations are different. The adsorption of reactive Ag + ions on the surface of Pal fibers, upon their exchange with Na + ions, would provide a relatively high local concentration of re agents close to the surface favorable to the growh of j3-Ag 2 CO 3 . In contrast, unattached Ag + ions in a dilute aqueous solution relatively far from the surface of Pal fibers could react with col-ions and produce m-Ag 2 CO 3 . This hypothesis allows to consider (i) j3-Ag 2 CO 3 formed in concentrated-like medium as "inactive" phase, i.e. as non-transformable phase, and (ii) m-Ag 2 CO 3 formed in diluted-like medium as "active" phase, i.e. which can be transformed by heating treatments using the name and approach reported by Nagy et al. (1971) . On the other hand, it was confirmed that when Ag 2 CO 3 particles were not supported on palygorskite fibers, they agglomerate to an average size of up to 60 µm, which is bigger than those immobilized on the palygorskite surface. This again supports the key role of paly gorskite fibers in decreasing Ag 2 CO 3 particles size by acting as het erogeneous nucleation sites.
Nevertheless, in contrast to XRD results, TEM analysis did not reveal directly the presence of hexagonal j3-Ag 2 CO 3 in as-prepared Pal57%Ag 2 CO 3 -1 h sample. There are at least two main reasons. First, unlike XRD, TEM is a local analysis that makes difficult to observe small amounts of a component in a composite material since the proportions are: 18 wto/o hexagonal, 39 wto/o monoclinic and 43 wto/o palygorskite (Table 2) . Secondly, and likely the most important reason could be its instability under the electronic beam into the high vacuum of the mi croscope. This issue would require further TEM investigations but me tastable phases are frequently difficult to observe by TEM due to their instability towards the electronic impact, which is more energetic than an X-ray beam. For instance, a metastable metallic S-Cr phase, ther mally stable up to about 400 "C, were identified by different techniques including XRD but was not observed directly by TEM using the same microscope and under similar conditions of this work (200 kV as beam energy) due to in situ phase transformation (Michau et al., 2017) . This was also the case for the AgBr phase loaded on palygorskite (Yang and Zhang, 2012) . In this section, a simple geometric mode! is proposed to discuss correlation between the conformai coating of Pal fibers grown by the heterogeneous mechanism and the relative content of j3-Ag 2 CO 3 . First, it is assumed that Ag 2 CO 3 NPs exhibit monodisperse spherical shape with an average diameter d = 10 nm, as supported by TEM character izations (Fig. 9b) . In order to produce a continuous monolayer of NPs on the surface of Pal fibers the distribution of such NPs might be or ganized in a compact 2D network. This would be in agreement with Fig. 9d . A good hypothesis for such 2D network is to consider diamond cells, as schematized in Fig. S3 . In this structure, as developed in the Supplementary Information SI-3, the planar packing factor corre sponding to the ratio between the real surface occupied by a single Ag 2 CO 3 NP occupying the diamond cell and the diamond surface is 91 %, which means that a maximum of 91 % of the Pal surface can be occupied by Ag 2 CO 3 NPs. Knowing that the specific extemal surface area (S ex t-P a1) of this palygorskite determined by Rhouta et al. (2013) is ca. 88 m 2 /g, the effective fiber surface (S e ff) that can be covered with Ag 2 CO 3 NPs can be determined as a function of the Joad of palygorskite in the composite (m p a1) fixed at 0.5 g for the sample series of Fig. 3 . Other details on the development of this heterogeneous mode! are re ported in the Supplementary Information (SI-3) . At the end, the total mass of deposited Ag 2 CO 3 NPs (m A g co 3 ) can be calculated knowing Ag 2 CO 3 density (p A g 2 c03), the volume of a spherical NP (V NP ), the specific extemal surface area (S ex ,-P ai), the Joad of Pal in the composite (m p .1) and the surface area of a spherical NP projected on a plane (S NP ) according to the relation:
From Relation Rl, the total mass of Ag 2 CO 3 NPs that can be im mobilized on Pal fibers is 1.604 g for a Joad of 0.5 g of Pal in the composite, which corresponds to a maximum mass fraction of Ag 2 CO 3 for an entire coverage of Pal fibers of ca. 76 wto/o. Taking into account our hypothesis stating that j3-Ag 2 CO 3 grown on the surface of Pal fibers while m-Ag 2 CO 3 is formed in the homogeneous phase, this threshold of total Ag 2 CO 3 content in the composite of ca. 76 wto/o would correspond to the highest total content of Ag 2 CO 3 in the composite beyond which additional Ag 2 CO 3 can be formed only with the monoclinic structure.
Interestingly, experimental values of Fig. 3 show a sharp change at ca. 76 wto/o of total Ag 2 CO 3 content, which is also the threshold value above which Pal fibers would be completely coated as predicted by the simple heterogeneous mode! (blue dashed straight lines in Fig. 3 ). The j3-phase proportion tends to be negligible above this threshold. Ex perimentally it is likely present but more and more difficult to quantify compared to m-Ag 2 CO 3 , as written in section 3.1.1. For total Ag 2 CO 3 content below this critical threshold, the discrepancy with the hetero geneous mode! can be explained by the assumptions of the mode! that are not sufficiently satisfied. For example, (i) the irregularity of shape and average size decreases the planar packing factor, (ii) a 2nd and even more monolayers of Ag 2 CO 3 NPs can grow on the top of the 1st one before it is continuous and complete leading to 3D growth as ob served in Fig. 10, ( iii) the access to parts of Pal surface can be partially prevented ... Also, the fact that the experimental relative content of j3-phase tends to stabilize at about 60% (instead of the theoretical value of 100%) for low Ag 2 CO 3 total content in the composite (Fig. 3) could be due to limitation imposed by CEC of palygorskite. Indeed, taking into account the CEC of about 21.2 meq/100 g of the palygorskite investigated elsewhere (Rhouta et al., 2013) , the amount of exchanged Ag + corre sponding to the equivalent of 1 CEC could not exceed 0.11 meq for 0.5 g of Na + -Pal used herein. As described in experimental section (2.2), the amount of Ag + involved in the synthesis of Pal-10%Ag 2 CO 3 is 3.5 times the CEC ofpalygorskite. Thus, no> 0.11 mmol of Ag + can be adsorbed on 0.5 g of palygorskite and could allow the formation of j3-phase while Ag + excess would be contained in the solution where it could con tribute to the formation of m-Ag 2 CO 3 as stated above.
Effect of thermal treatment
The relative content of j3-Ag 2 CO 3 in the composite could be further increased by performing thermal cycles under CO 2 atmosphere. Indeed, as evidenced from findings gathered in Table 2 , after the 1st cycle the proportion of hexagonal 13-Ag 2 CO 3 increases from 32% to 50%, then it is stable for 5 h in the dark and again it increases to 70% after the 2nd cycle. So, each thermal cycle acts as a non-return pawl to stabilize the metastable phase. This is likely due to the transformation of m-to 13-phase at each step. Upon cooling to room temperature a significant amount of 13-phase is not reversibly transformed into the monoclinic structure (by contrast with pure Ag 2 CO 3 without palygorskite) probably because of its stabilization by direct interactions with the surfaces of both palygorskite and 13-phase already formed. For the sample with a high content of 13-phase (70%), possibly a small fraction of this me tastable 13-phase is not directly in contact with the palygorskite, for instance it could be in the form of small agglomerates resulting from 3D growth on palygorskite like particles agglomerated around fibers in Fig. 10 . As a result, this metastable phase would be slowly transformed into the stable monoclinic phase during aging at the ambient for 60 h in the dark.
The coupling between aging for several months and thermal cycles produced synergetic effects that increase significantly the proportion of 13-Ag 2 CO 3 until it reaches 100%. Possibly aging for several months al lows m-Ag 2 CO 3 particles to form discontinuous layers or agglomerates on 13-Ag 2 CO 3 NPs grown on palygorskite fibers. Moreover, the propor tion of m-Ag 2 CO 3 in aged samples was pretty the same than that in fresh sample. Then, upon heating under CO 2 atmosphere at 200 °C, these m Ag 2 CO 3 particles could be transformed into 13-structure that would re main stable upon cooling at the ambient because in turn they would be supported and stabilized for instance by epitaxy on underlying 13-par ticles which have grown directly on palygorskite surface.
Conclusions
This study reports the immobilization of Ag 2 CO 3 NPs on fibers of natural palygorskite by a simple and easy wet route to produce a new and efficient photocatalyst. The palygorskite significantly decreases the average size of Ag 2 CO 3 particles leading to a nanocomposite material with a monodisperse distribution of Ag 2 CO 3 NPs known to be an active photocatalyst in the visible light.
The most salient result is the ability of the palygorskite surface to stabilize the metastable 13-phase of Ag 2 CO 3 . This hexagonal phase likely originates from a heterogeneous mechanism controlled by nucleation rate, which occurs onto the surface of palygorskite nanofibers. This growth mode would compete with a homogenous nucleation taking place in aqueous solution and both growth mechanisms would occur simultaneously. This leads to metastable 13-Ag 2 CO 3 NPs immobilized onto the fiber surface and to stable m-Ag 2 CO 3 submicrometric particles, which tend to form agglomerates trapped in tangled fibers. lt was demonstrated that the proportion of 13-Ag 2 CO 3 in the nano composite can be increased by specific post-treatments. Thus, original thermal cycling under CO 2 atmosphere (inspired from the literature) coupled to aging for several months produces a synergetic effect that allows reaching 100% of 13-Ag 2 CO 3 in the composite material. Therefore this study sets up different experimental protocols to syn thesize new Ag 2 CO 3 -Pal nanocomposites for which the crystallographic structure of the functional component Ag 2 CO 3 can be controlled from 100% stable monoclinic (m) to 100% metastable hexagonal 13 through an adjusted mixture of m-and 13-Ag 2 CO 3 in presence of palygorskite.
Subsequently the photocatalytic activity of these three categories of Ag 2 CO 3 /Pal nanocomposites with various phase compositions has been studied under visible light irradiation. Details reported in a companion paper (Lakbita et al., 2019) that the nanocomposite in which Ag 2 CO 3 was single-phased with the hexagonal structure was Jess active than the one crystallizing entirely with the stable monoclinic structure. How ever, the nanocomposite material containing a mixture of both Ag 2 CO 3 phases with a relative content of 32% of 13-and 68% of m-phase was found to be the most photoactive material of the series. This behavior revealed a synergetic effect between both Ag 2 CO 3 phases in the pho tocatalytic degradation under visible light of the Orange G dye selected as mode! pollutant.
